ABSTRACT. Originally, zeugmatin was identified as a 600-800 kD muscle specific protein in Z-bands of cardiac and skeletal muscles by Maher et ah (1985). In this presentation we review our work on myofibrillogenesis and present evidence that zeugmatin is actually part of the Z-Band region of titin and that this region of titin plays an important role in the assembly of the Z-bands and myofibrils. Rhee et al. (1994) reported that during myofibrillogenesis, zeugmatin antibody localization is detected in fully formed Z-bands in the mature myofibrils, in the Z-bodies of the nascent myofibrils, but not in the Z-bodies of the premyofibrils. These observations lead to the suggestion that zeugmatin might be responsible for the fusion of the Z-bodies to form the solid Zbands of the mature myofibrils (Rhee et al. 1994) . As part of a study to test aspects of this model of myofibrillogenesis, we isolated a 1.8 kb CDNAfrom a chicken cardiac expression library using an anti-zeugmatin antibody (Turnacioglu et al. , 1996) . We found this chicken CDNAto be 60%identical at the amino acid level to a segment of the Z-band region of human cardiac titin (connectin) sequenced by Labeit and Kolmerer (1995) . This homology along with Western blot analysis with purified titin, suggested that zeugmatin is in fact part of the N-terminal region of chicken titin. Whenexpressed in non-muscle cells, Zl.l product colocalized with the alpha-actinin in stress fiber dense bodies and focal adhesions. Cultures of non-muscle cells, skeletal myotubes and cardiomyocytes were also transfected with a fusion construct (Z1.1GFP) consisting of the Zl.l kb CDNAlinked to the CDNAfor green fluorescent protein (GFP). The Zl.l kb CDNAencodes only 362 of the approximately 2,000 amino acids which comprise the Z-band region of titin; neverthelss, the Z1.1GFPfusion protein targets in vivo to the alpha-actinin rich Z-bands of contracting myofibrils. A dominant negative phenotype was observed in living cells expressing highlevels of this Z1.1GFPfusion protein with inhibition of myofibrillogenesis as well as the disassembly of preexisting myofibrils in these cells. These data indicate that the Z-band region of titin (connectin) plays an important role in organizing and maintaining the structure of the myofibril.
The Z-bands of muscle mark the boundaries between sarcomeres and anchor the oppositely polarized groups of thin filaments in adjacent sarcomeres. They can also be linked to the cell membrane allowing force to be transmitted to the extracellular matrix and to adjacent sarcomeres (6). Z-bands vary in structure and protein composition between vertebrates and invertebrates (reviewed in 34). Nevertheless, alpha-actinin, a homodimer of 104 kD that can bind and cross-link actin filaments (14) , is conserved in all Z-bands. Other proteins of vertebrate Z-bands include: z-protein (18), zeugmatin (13), filamin (1) and Cap-Z, a heterodimer of 68 kD, that binds to the barbed ends of actin filaments embedded in the Z-band (4). Vinculin (29), intermediate filaments (reviewed in 19) and spectrin are also associated with Z-bands. The N-terminus of titin and the C-terminus of nebulin are anchored in the Z-bands. Nebulin, 600-900 kDa, is both an alpha-actinin and an actin binding protein that may regulate the length of the thin filament in skeletal muscle (37, 38) . Titin, 3 million daltons, the largest protein known, extends one micron from the Z-band to the Mline of the A-band where it binds myosin and is thought to center the thick filaments in the sarcomere (see reviews, 9, 30, 31, 36) . Titin is knownto bind to alpha-actinin, a Z-band protein, (28) and to molecules (C-protein, myosin) along the thick filament (7, ll) . Titin is thought to provide the passive tension of muscle, and yet be elastic enough to accommodatechanges in sarcomere length during contraction. Recently, the complete 82 kb sequence of titin CDNA from a human cardiac library has been reported (12). Ninety percent of this long molecule is composed of two repeating motifs of about 100 amino acids: 112 fibronectin type III (FN-III) domains and 132 immunoglobulin C2 (Ig) domains (2, 10-12). About 203 kD or 6.7% of the titin molecule is believed to be in the Z-band. The Z-band domain of titin consists of Ig-like repeats interspersed with unique non-repetitive sequences (12). Zeugmatin, another high molecular weight protein in Z-bands (600 to 800 kDa) was identified and purified by Maher et al. (13) with monoclonal antibodies raised against preparations of fascia adherens of intercalated disc membranes of chicken cardiac muscle. One antibody (McAb 20) that reacted specifically with the Zbands of striated muscle cells, was used in an immunofluorescence study of myofibrillogenesis in regenerating cultures of embryonic skeletal muscle. Maher et al. (13) reported that zeugmatin was present in a striated pattern along fibrils before alpha-actinin could be detected and suggested that zeugmatin linked the barbed ends of the actin filaments to the nascent Z-bands. Thus, the term zeugmatin or "yoking" protein, was conceived for its potential role in yoking the thin filaments to the Zband.
In a study of myofibrillogenesis in spreading cardiac myocytes, McAb20 was employed along with other antibodies to examine the time course of appearance of several muscle proteins in the assembly of myofibrils (20). In the spreading cardiac cells the earliest developing myofibrils, the premyofibrils, are found at the periphery of the myocyte and interior to this is found a zone of nascent myofibrils and then the mature myofibrils in the center of the cells. Actin, alpha-actinin and non-muscle myosin IIB are present in the premyofibrils, the latter two often in linearly aligned complimentary punctuate patterns. However,zeugmatin and titin are not detected in these premyofibrils, but first appear in the Z-bodies of the nascent myofibrils. In these nascent myofibrils, the punctate bands of alpha-actinin (Z-bodies) in one fibril align laterally with the Z-bodies in adjacent fibrils. The coincident appearance of zeugmatin and the fusion of the alpha-actinin rich Z-bodies to form the Z-bands of the nascent myofibrils led Rhee et al. (20) to suggest that zeugmatin might play a key role in this process. If zeugmatin plays this suggested role, interfering with its function and disposition should lead to the inhibition of myofibrillogenesis.
In this paper we review our recent work that indicates that zeugmatin is actually part of the titin molecule (32, 33) . Wehave used the McAb 20 antibody to identify CDNA clones from a chicken heart expression library. (dominant negative phenotype) (33). These data suggest that the protein zeugmatin is part of the Z-band region of titin, i.e., part of the N-terminus, and this N-terminal region of titin may play an important role in organizing and maintaining the structure of the myofibril.
MATERIALS AND METHODS
Preparation of embryonic chick cardiomyocytes. and nonmuscle cells. Cardiomyocytes were isolated from five-day old chick embryos as previously described (24, 26, 27 Antibodies and Microscopy. All of the antibodies used in this study were previously described in Rhee et al. (20) morph image processing systems (Universal Imaging Corp., West Chester, PA) as described in Sanger et al. (21, 22) . Isolation ofzeugmatin clones and sequencing. The monoclonal antibody directed against zeugmatin, McAb20 was used to screen a random-primedchicken cardiac lambdagtl l expression library as described by Turnacioglu et al. (32) . The three clones that were isolated and purified were designated as zl.l, zl.4 and zl.7. These three clones exhibited overlapping sequences and were assembled into a CDNAof 1,785 nucleotides that had a continous open reading frame. This sequence is available from Genbank under the accession number U51476. A blastn and blastp search of the NCBIdata base revealed the highest scoring homology with part of the Zband region of human titin (12, 32, 33) . Figure 1 indicates the position of the three clones with respect to the Z-band sequence of humantitin and the nearest knowntitin and connectin clones previously published.
Transfections of muscle and non-muscle cells. The zl.l clone was subcloned into pcDNA3 (Invitrogen, Carlsbad, CA)as previously reported (32). These plasmids were purified using a Qiagen column (Qiagen, Chatsworth, CA). Muscle and non-muscle cells were transfected with this plasmid using either lipofectamine (Gibco BRL, Grand Island, NY) or microinjection techniques (16). Coupling of the CDNAfor Green Fluorescent Protein to the CDNAcoding for part of the CDNAcoding for zeugmatin. The zl.1 clone was subcloned into the PEGFP-Clplasmid obtained from Clontech (Palo Alto, CA). The zl. lGFP plasmid was purified using Qiagen columns and then used to transfect muscle and non-musclecells as described above.
RESULTS
Premyofibrils/Nascent Myofibrils/Mature Myofibrils.
When the hearts of five-day embryonic chicks are dissociated and placed in culture, the primary cells attach to the glass surface and begin the process of reassembling their myofibrils as they spread, locomote and divide. Wefixed cardiomyocytes at different times after attachment for the first five days in culture (20). Wedid not stain any cells after that time since the cells were fully spread and it was not possible to determine whether myofibrils were being assembled or disassembled at that stage. Figure 2 illustrates spreading embryonic chick cardiomyocytes that are stained with two different nonmuscle antibodies against myosinllA and IIB. While both types of non-muscle myosin II antibodies stain fibroblasts in the culture, only the non-muscle myosin IIB antibody stains the cardiomyocytes. Non-muscle myosin IIB is found in the premyofibrils at the periphery of the spreading cardiomyocytes and in the nascent myofibrils located in-between the premyofibrils and the centrally located mature myofibrils (20). When cardiomyocytes are stained with antibodies directed against non-muscle myosin IIB and zeugmatin antibodies, the premyofibrils at the edges of the spreading cells stain positively for non-muscle myosin IIB but not for zeugmatin (Fig. 3) . Nascent and mature myofibrils stain positively for zeugmatin. Similar results were obtained for double staining of cardiomyocytes with non-muscle myosin IIB and titin (20) . When spreading cells are stained with non-muscle myosin IIB and C-Protein, C-Protein is almost totally excluded from the spreading regions of the cardiomyocytes (Fig. 4) . These non-muscle myosin IIB positive regions contain the premyofibrils and the nascent myofibrils.
Expression of zeugmatin in transfected muscle and non-muscle cells. The plasmids containing the CDNA for the zl. 1 zeugmatin clone were used to transfect nonmuscle cells to see if the truncated zeugmatin would become incorporated. Since the protein could bind alphaactinin in immunoprecitation assays, we expected to detect the truncated fragments in the dense bodies, and the zeugmatin antibody staining of the dense bodies, confirmed this (32). Furthermore, prolonged expression of the Zl.l protein in transfected non-muscle cells resulted in stress fiber disassembly (32). Since muscle cells stain with zeugmatin antibodies, wehad to devise a probe that could be used to detect truncated zeugmatin in transfected muscle cells. A plasmid coding for zl.1 coupled to a CDNAfor Green Fluorescent Protein (GFP) was used to transfect both myotubes and cardiac muscle cells. Figure 5 illustrates an image of zl.l expression in living cardiomyocytes. When the probe is expressed at low levels, the Z-bands are bright and the native beating of the cells is unaffected. However, when the truncated zeugmatin-GFP fragment is over-expressed, the myofibrils begin to fall apart and contraction is lost. In order to determine if over-expression of the GFP portion of the probe was affecting cellular activity, we transfected cells with plasmids coding for GFPalone. Non-muscle and muscle cells expressing GFP were not affected. With high levels of GFP, the non-musclecells were able to locomote and undergo mitosis and cytokinesis. Beating of the cardiomyocytes and the spontaneous but random contractions of the myotubes were unaffected by the presence of large amounts of unincorporated GFP.
DISCUSSION
Our recent results suggests that zeugmatin is actually part of the Z-band region of the titin molecule. We found this chicken CDNAto be 60% identical at the amino acid level to a segment of the Z-band region of humancardiac titin (connectin) sequenced by Labeit and Kolmerer (12) . This homology along with Western blot analysis with purified titin, suggested that zeugmatin is in fact part of the N-terminal region of chicken titin (32). Bacterially expressed partial clones of zeugmatin are capable of binding to alpha-actinin (32). A search of the zeugmatin sequence reveals a potential alpha-actinin binding site in the sequence KKIK. This sequence is also present in the alpha-actinin binding protein ICAM-1 (3). Carpen et al (3) have demonstrated that a synthetic pentapeptide coding for RKKIKbound alpha-actinin as strongly as the entire cytoplasmic domain of ICAM-1,some 28 amino acids. Future work will be needed to demonstrate if this region is actually responsible for the binding of alpha-actinin to this region of titin. The cell biology experiments reported in this paper and elsewhere (32, 33) . This diagram summarizes the premyofibril model for the assembly of a mature myofibril. The premyofibril is the anlage or primordium of the mature myofibril. Non-musclemyosin IIB is a bipolar actin binding protein that is responsible for the sarcomeric alignment of the oppositely polarized actin filaments held together by alpha-actinin molecules. The actin filaments increase their lengths by incorporating monomeric actin into the existing thin filaments with the result that the distances between the alpha-actinin containing dense bodies are further apart in the nascent and mature myofibrils. Actin filaments and titin molecules are responsible for the capture of the muscle thick filaments. The zeugmatin or Nterminal region of titin may play an important role in cementing or linking the dense bodies of the pre-and nascent myofibrils into solid Z-Bands of the mature myofibrils. Webelieve that C-protein prevents the co-assembly of non-muscle myosin IIB onto the thick filaments of the A-Bands in the mature myofibrils. The overriding concept in this model is that the pre-myofibril will becomethe mature myofibril via the nascent myofibril by incorporating additional muscle proteins, especially actin, titin, muscle myosin II, C-protein, and at the same time, gradually eliminating the non-muscle myosin IIB protein from the developing myofibrils. The non-muscle myosin II filaments would depolymerize to recycle the monomers to the leading edges of the cell to participate as bipolar actin binding proteins in the formation and stabilizing of the premyofibril again. Thus, in this model of myofibrillogenesis, the titin is a bireactive molecule. The Z-Band end of titin plays an important role in the assembly of the dense bodies of premyofibrils and nascent myofibrils into the solid Z-Bands of the mature myofibrils. The A-Band end of the molecule binds the thick filaments to the nascent and mature myofibrils. tachment plaques in non-muscle cells. Premyofibril model. Figure 6 illustrates a revised model for myofibrillogenesis that was recently proposed by Rhee et al. (20) . This model was developed by studying the patterns of antibody staining of embryonic chick cardiomyocytes spreading in culture. Premyofibrils form at the spreading edges of the cell. Non-muscle myosin IIB and alpha-actinin are found in sarcomeric like bands. The alpha-actinin is concentrated in dense bodies while the non-muscle myosin IIB is located between these dense bodies. No muscle specific myosin II, zeugmatin or titin proteins were detected in these premyofibrils. In nascent myofibrils banded deposits of zeugmatin and titin are associated with the dense Wehad previously suggested that zeugmatin binds the dense bodies of the premyofibrils into the solid Zbands of the mature myofibrils (20). Since zeugmatin is actually part of the Z-band region of titin, we would update our model to propose that the Z-band region of titin, i.e., the N-terminus, targets the large titin molecule into the Z-band and plays a role in the fusion of the dense bodies of the pre-and nascent myofibrils into the solid Z-bands of the mature myofibrils. The other end of titin, the C-terminus, would be responsible for the capture of the muscle thick filaments by the premyofibrils to form the nascent myofibrils (30, 31, 36), suggesting that both ends of the titin molecule play important roles in the assembly of the mature myofibrils. The expression of low amounts of truncated Z-Band regions of titin have no effect on the formation and stability of mature myofibrils. However, the over-expression of these truncated fragments leads to the the loss of mature myofibrils with the dispersion of the component thick filaments and the Z-bands. Figure 7 illustrates a model for the structure of a sarcomere in skeletal muscle. In the enlarged version of this model in the same Figure, the ends of the actin filaments, titin and nebulin are observed more clearly. The N-terminal regions of titin are embedded in the Z-bands as are the C-terminus of the nebulin filaments. The current estimate of the number of titin molecules in skeletal muscle in the Z-bands, per half myosin filament, is reported to be six. as compared with two thin filaments and four nebulin filaments per half thick filament. In cardiac muscle, the number is eight titins per half myosin filament. There are also two thin filaments per half cardiac myosin filament in cardiac muscle. Moncman and Wang (17) have recently demonstrated that a short isoform of nebulin is present in cardiac muscle, i.e. , nebulette. The amount of nebulette filaments is not known. The diagram (Fig. 7) emphasizes the amount of titin in the Z-band region compared to actin and nebulin filaments. In the middle of the Z-band there would be six additional titin filaments from the adjacent I Band region. Although the structure of the Z-Bandis unclear, it is very clear that titin is a major componentof the Zband (8, 30, 36) . Thus the incorporation of substantial amounts of truncated pieces of the targeting region of titin (the Zl.1 clones of zeugmatin) could lead to the loss of the long 1 micron titin filaments necessary for linking the Z-bands and the thick muscle filaments. There are a number of proteins that are bound to the Z-bands including actin, alpha-actinin, filamin, and CapZ. We have presented some evidence that the truncated region of titin is capable of binding alpha-actinin. Future work should demonstrate if titin has a role, directly or indirectly, in the localization of other Z-band proteins.
There are several muscle diseases in which the alignment of the Z-bands and the thin and thick filaments are in disarray e.g. , central core diseases, nemaline myopathies and certain forms of muscular dystrophy (5, 15, 35) . Future experiments using titin probes should yield insights into how Z-bands are assembled in normal and regenerating muscle cells and provide insights into the basis for the loss of sarcomere integrity in several mus- 
